Space robots are a kind of coupling system with a rigid body and flexible structures, in which harmonic drive gears are usually used as speed reducers. Thus, the vibration problem is unavoidable due to maneuvering and external disturbances. This paper is concerned with the design and implementation of a fuzzy sliding mode control (FSMC) algorithm and a composite controller to dampen the vibration of a flexible manipulator with a flexible link and a harmonic drive gear (flexible joint). The designed controllers are used to dampen the end-point vibration of the flexible link and flexible joint manipulator, to compensate for unknown and time-varying nonlinear uncertain parameters, such as friction torque and flexible joint characteristics of a harmonic drive gear, etc. The experimental comparison research was conducted, including set-point active vibration control and vibration suppression under resonant excitation. The experimental results demonstrate that the FSMC and the composite algorithms can significantly enhance the performance of vibration suppression for flexible manipulator.
Introduction
The study on the control of a flexible manipulator is known as a part of space robot research, because a space manipulator should be as light as possible in order to reduce its launching cost (Dwivedy and Eberhard, 2006) . Therefore, vibration reduction is a critical problem related to the maneuvering of space robots, which are light, slender and flexible (Romano et al., 2002) . The increasing demand for highperformance space robotic systems is quantified by high speed of operation, high end-position accuracy and lower energy consumption (Shan et al., 2005) . It is necessary to control lightweight flexible structures, and the structural flexibility can no longer be ignored .
Harmonic drive gears are popular in many typical applications, including space robot reducers, because of their compact size design, low weight, low friction losses, high reduction ratio, high torque-to-weight ratio and high torque capacity (Gandhi and Ghorbel, 2002) . The dynamic transmission characteristics of harmonic drive gears from the control point of view include flexible joints, the hysteresis phenomenon, harmonic resonance, nonlinear flexibility and friction of the flexspline (Tuttle and Seering, 1996; Kircanski and Goldenberg, 1997) , etc. When a harmonic drive gear is used, one should consider its joint flexibility and friction force in modeling and control. In order to meet the high-precision pointing requirement of the antenna and the increasing demand for high end-position accuracy robotic systems coupled with the needs of space application, the issue on modeling and active vibration control for such a coupling flexible joint and flexible rotating manipulator system is rather difficult and challenging.
When flexible structures are subjected to rigid body displacements, their dynamic behavior presents a coupling between rigid body displacements and flexible modes. If these structures are articulated, their inertia characteristics can vary and cause this dynamic behavior to become highly nonlinear (Gaudiller and Bochard, 2005) . There have been numerous research works for both flexible manipulators and rotating beam systems. In most of the previous techniques, servomotors and piezoelectric patches were used as actuators to achieve the desired end-point position while suppressing unwanted vibration. Some simulations and experiments were obtained. The control methods applied to vibration suppression of the flexible manipulator mainly include input shaping control, positive position feedback (PPF) control (Shan et al., 2005) , adaptive active control (Gaudiller and Bochard, 2005) , direct strain feedback-based vibration control (Luo, 1993) , acceleration sensor-based feedback control (Qiu et al., 2009 ), a visual servoing approach-based end-point vibration sensing and control (Bascetta and Rocco, 2006) , etc. Cannon and Schmitz (1984) initiated experiments to control the end effector of a single-link flexible manipulator by measuring the tip position and applying torque to the end of the manipulator. Also, Reis and Costa (2012) proposed trajectory planning based on LQR (Linear Quadratic Regulator) theory and applied to a single flexible link robot; simulation and experimental results validate the presented method.
Flexible manipulators are subjected to parameter uncertainties and variations, unmodeling high-frequency dynamics, nonlinearity and external disturbances. Hence, these structural systems require robust control algorithms, such as sliding mode control (SMC) or variable structure control (VSC) (Ge et al., 2001) . A learning variable structure controller (Cao and Xu, 2000) and a variable structure tracking controller using a time-varying sliding surface (Fung and Lee, 1999) were used to control a single-link flexible manipulator. The outstanding advantage of the sliding mode controller is its robustness against structural and unstructured uncertainties. However, the major drawback of the sliding mode controller is the occurrence of the undesired phenomenon of chattering (Slotine and Li, 1991) .
For both flexible joint and flexible beam systems, Xi and Fenton (1994) investigated the coupling effect of a flexible link and a flexible joint in a one-link rotating structure. The flexible shaft is represented by a concentrated torsional stiffness, considered as a flexible joint. Wilson et al. (2000) presented an output feedback SMC architecture for a slewing flexible joint and a flexible link manipulator. When a harmonic drive gear is used to drive the rotating flexible manipulator, the model of this kind of system becomes more complicated than that of a direct drive arm. Harmonic drive gears show the characteristics of harmonic resonance and torque dead zone due to nonlinear friction. Also, its dynamics model and parameters are difficult to establish exactly. Qiu (2006) developed active vibration control for a flexible joint and a rotating flexible beam with a harmonic drive gear, including set-point vibration control and simultaneous slewing motion and vibration control, using the combining PPF and proportional-derivative (PD) control method.
Theoretically, a flexible structure is a distributed parameter system of infinite order. However, the high-frequency modes can be neglected on physical grounds, because such modes only play a secondary role in determining the model's essential characteristics and the energy concentrates on the low-frequency modes primarily. In general, the high-frequency modes are truncated in the practical system; thus, the system is approximated by a lower-order and controlled by a finite-order controller. When the low-order modal truncated model is used for controller design, the problems of ''observe spillover'' and ''control spillover'' are unavoidable. For a lower-order controller design of the large-scale system using reduced-order truncated system, each step of linearization, delay approximation, decomposition and model reduction has introduced a degree of uncertainty into the system, moving the model away from the real physical situation (Lin and Liu, 2006) .
To cope with the above-mentioned problems, intelligent control algorithms have been applied to active vibration control of flexible structures. A large-scale system should be designed and analyzed based on using the best available knowledge rather than the simplest available model to treat system uncertainties. Therefore, a knowledge-based fuzzy logic controller (FLC) is chiefly considered. The fuzzy control strategy is inherently robust and can deal with both linear and nonlinear structural behavior. Lin and Liu (2006) presented a novel resonant FLC to minimize structural vibration using collocated piezoelectric actuator/ sensor pairs. A FLC does not require a mathematical model of the plant and can be applied equally to linear and nonlinear systems (Jnifene and Andrews, 2005) . Fuzzy control algorithms can be viewed as a way of converting expert knowledge into an automatic control strategy without a detailed knowledge of the plant (Michels et al., 2006) . Qu et al. (2004) applied a fuzzy control method to active vibration control with nonlinear piezoelectric actuators.
By using fuzzy controller, the expert knowledge can be converted into a control strategy without a detailed knowledge of the system. Fuzzy control algorithms were successfully applied to active control of flexible structures, but there still exist several difficulties (Chen and Chang, 1998; Fung et al., 2000; Chao and Lai, 2003) : (a) the establishment of fuzzy control rules is experience oriented; (b) characters of the fuzzy control systems cannot be pre-specified; (c) to render a smooth control response, the number of rule bases rises exponentially, which increases the design difficulty; (d) another drawback is that the stability and robustness of the fuzzy control system are difficult to check. To overcome the above difficulties, the fuzzy sliding mode control (FSMC) technique is proposed in the spirit of fuzzy control and sliding mode control strategy (Chen and Chang, 1998) . FSMC was adopted by using a sliding surface and its derivative as inputs; Fung et al. (2000) applied the SMC techniques to obtain the fuzzy control base. The integration of the fuzzy logic system in a sliding mode controller approach has emerged as a promising approach for dealing with nonlinear, uncertain dynamical systems and to relieve the implementation difficulties of the SMC system (Abdelhameed, 2005) . It can greatly improve the system's robustness.
In this paper, the dynamic characteristics of a flexible link and flexible joint manipulator were analyzed. The experimental setup driven by an alternating current (AC) servomotor through a harmonic drive gear was built up. To test the designed FSMC strategy, experiments on active vibration control of the flexible rotating manipulator were conducted.
The rest of this article is organized as follows. In Section 2, the governing equations for the rotating smart manipulator, including a flexible joint and a flexible link, are derived. In Section 3, a fuzzy sliding mode VSC algorithm is proposed for vibration control of the flexible manipulator. The rules of FSMC are given to guarantee the stability of the control system theoretically. In Section 4, the experimental setup of the piezoelectric flexible rotating smart manipulator is provided. The experiments are conducted using different control methods, including PD control, FSMC and the composite control algorithms, for the set-point vibration control and vibration suppression under resonant excitation. Finally, the conclusions are presented in Section 5. 2. System model 2.1. Modeling of the rotating smart beam system Space flexible manipulators are slowly rotating beam structures, and harmonic drive gears are usually used as speed reducers. Figure 1 schematically illustrates the rotating uniform beam by using a harmonic drive gear as a speed reducer. The flexible beam is clamped on the hub of the output side of the harmonic drive gear. An AC servomotor with rotary encoder is used to drive the harmonic drive gear. PZT patches used as the actuator and sensor are both stuck on the top and the bottom surfaces of the host beam. An acceleration sensor is mounted at some point on the beam. The acceleration sensor can be considered as increasing the centralized mass at the mounted point of the beam.
Based on the previous researches (Cao and Xu, 2000; Sun et al., 2004) , the dynamics model of the flexible joint and flexible link system is derived, which helps to recognize the system characteristics for controller design. According to the previous works on modeling of a flexible manipulator system Qiu, 2006) , the following assumptions are made. (a) The beam is considered as an Euler-Bernoulli beam and the axial deformation is neglected. When the hub motion completely stops, the transverse bending vibration of beam is the primary motion. (b) The PZT actuator and sensor are perfectly bonded to the beam structure; they will increase the mass and the stiffness of the flexible beam. (c) Each PZT patch has constant thickness and width, and it is much smaller than that of the beam in size. (d) The gravitational effect of the beam is neglected. (e) The harmonic drive gear is considered as a flexible joint with a speed reduction ratio, and the torsional stiffness is much larger than that of the beam.
It is assumed that the flexural deflection w x, t ð Þ is relatively small, as compared with the size of the beam. By using an assumed modes method, the flexural deflection can be expressed as
where j and q j denote the jth normalized mode shape function and modal generalized coordinate, respectively; U x ð Þ ¼ 1 Á Á Á m ½ and q ¼ q 1 Á Á Á q m ½ T denote the modal shape function vector and modal generalized coordinate vector, respectively; and the subscript j is the index representing the mode number, j ¼ 1, 2, . . . , m. 
where denotes the hub angular displacement of the output shaft connected to the flexspline or circular flexspline of the harmonic drive gear. The total displacement p x, t ð Þ of a point measured at a distance x from the hub can be described as
which yields
The kinetic energy of the system is
where I R is the inertia of the motor rotor; R is the angular displacement of the motor rotor shaft attached to the wave generator of the harmonic drive gear; I H is the inertia of the hub; b and A b are the mass density and cross-sectional area of the beam, respectively, p and A p are the mass density and cross-sectional area of the piezoelectric patches, respectively; L is the total length of the flexible beam; the constant l is the distance between the mounted point of the acceleration sensor and the clamped end on the hub; x i1 and x i2 denote the locations of the left and right edges, respectively, of the ith PZT patch along the x-axis; n is the number of PZT patches, n ¼ N a þ N s ; N a and N s are the numbers of PZT actuators and PZT sensors; and M t is centralized mass of the acceleration sensor. The potential energy is related to the bending deformation of the flexible beam and the torsional deformation of the harmonic drive gear's flexspline. Since the width of the beam under consideration is assumed to be significantly larger than its thickness, the effects of shear displacements can be neglected. In this way, the potential energy of the manipulator system can be written as
where K e and N denote the linear torsional spring stiffness and the gear reduction ratio of the harmonic drive gear, respectively; in this study, N ¼ 100; E b and I b are Young's modulus and the moment of inertia of the beam, respectively; E p and I p are the Young's modulus and the moment of inertia of PZT patches, respectively. The friction torques of the harmonic drive gear and the AC servomotor rotor are also considered. Thus, the nonconservative work done by the motor input torque and piezoelectric actuator can be written as
where t ð Þ is the control input torque of the AC servomotor; f t ð Þ is the equivalent friction torque of the harmonic drive gear in the motor side; V i t ð Þ is the control voltage applied to the ith PZT actuator;
is the vector accounting for the internal viscous friction in the flexible beam structure, where f i is the internal viscous friction coefficient of the ith mode,
The charge Q i t ð Þ generated by the PZT sensor is
where e 31i is the piezoelectric material stress constant of the ith piezoelectric sensor; b si is the width of the ith PZT sensor; r i is the distance from the middle of the ith sensor patch to the middle of the beam; x i1 and x i2 are the location of the left and right edges of the ith PZT sensor, respectively; N s is the number of the PZT sensors.
Substituting Equations (5)À(7) into Lagrange's equations, the equation of motion for the flexible beam system is
where
u 2 < 2þN a ð Þ Â 1 is the control input of the AC servo motor and PZT actuators,
Þ is the control location matrix; T b 2 < mþ2 ð ÞÂ1 is the vector of friction and structural damping of the system; M, D, K 2 < mþ2 ð ÞÂmþ2 ð Þ are the mass matrix, centrifugal stiffening matrix, stiffness matrix, respectively; they are (Qiu, 2006) 
and their variables and vectors can be written as À Á Â Ã is the parameter of the ith mode and the jth PZT actuator.
where T f 2 < mþ2 ð ÞÂ1 is the friction torque of the motor rotor and the harmonic drive gear,
q is the internal viscous damping vector of the flexible beam, and F 2 is the positivedefinite diagonal damping matrix,
where T b is the friction torque of the harmonic drive gear; T mf is the rotor friction torque of the AC servomotor. Experimental measurements made by Tuttle and Seering (1996) indicate that friction at nonzero velocities in harmonic drives can be characterized as having four components: (1) constant friction; (2) velocitydependent friction; (3) position-dependent friction; and (4) friction from resonance vibration. The constant torque is due to the Coulomb friction. Tuttle and Seering (1996) presented the following friction torque equation:
where b 0 is the constant friction torque due to the Coulomb friction in the harmonic drive; b 1 is the linear friction coefficient; b 2 is the cubic friction coefficient; b cyc is the amplitude of cyclic friction torque; b is the phase of the cyclic friction torque; and _ b refers to the gear-tooth interface sliding velocity.
The state-space representation of the dynamics equations of the single flexible joint and flexible link manipulator can be expressed as
is the state vector; u is the control vector; v is the friction viscous damping vector; y is the measured output; A 2 <
Þ is the output matrix; they are expressed as À Á Â Ã is the parameter of the ith mode and the jth PZT sensor; K s ¼ Àe 31 b s r is the sensing factor:
From the obtained model of the flexible joint and flexible link system, one can know that it is controllable when the AC servomotor is used as an actuator. Furthermore, it is observable for modal vibration of the flexible beam. Thus, we can design a controller to actively suppress the vibration of the flexible rotating manipulator. However, the system has a dead zone due to the nonlinear friction and backlash of the harmonic drive gear. Therefore, it is significant to consider the design of the controller for a flexible beam with a harmonic drive gear. The stiffness ratio between the flexible joint and flexible link is defined as
where S r is the stiffness ratio; u ¼ 1 rad and l u ¼ 1 m are the unit angle and unit length, respectively. For both the flexible joint and flexible link systems, when the beam's material and size are chosen, the bending stiffness of the beam is determined. Different torsional stiffness of the joint will result in different modal frequencies of the system. Table 1 lists the first two bending modal frequencies of the flexible joint and flexible link system by employing finite element analysis (FEA). In total, seven different conditions of torsional stiffness are considered, and the natural frequencies of the system for the first four vibration modes are calculated for different conditions one by one. From the calculated results, several conclusions can be drawn: (a) the lower torsional stiffness of the flexible joint results in lower modal frequencies, and it mainly affects the low-order modes; (b) when the torsional stiffness is large enough, the boundary condition of the flexible beam is approximately a cantilever beam; (c) the position of the mounted centralized mass affects the modal frequencies; the larger distance from the fixed point of accelerometer to the clamped side will cause the smaller modal frequencies, as listed in Table 1 . Figure 2 illustrates the mode shapes of the piezoelectric flexible link and flexible joint structure with an acceleration sensor calculated by finite element software, where the stiffness ratio is specified as 5000. Figure 2 (a) and (b) show those with an acceleration sensor, and its distance is l ¼ 610 mm.
Control algorithms

PD controller
The PZT sensor is used to measure the elastic vibration of the flexible beam. The AC servomotor is used as an actuator. The motor side PD controller and strain feedback PD control algorithm is given as
where K p1 4 0 and K v1 4 0 are the proportional and differential control gains of the motor torque PD controller, respectively; d and _ d are the desired angle position and angular velocity of the motor rotor, respectively; K p 4 0 and K v 4 0 are the proportional and differential gains of strain feedback PD control law, respectively.
In the experimental research, two cases were conducted, including the set-point active vibration control and persistent resonant vibration suppression. The desired d is some specified value and the desired angular velocity is _ d ¼ 0. In Equation (24), one can know that the AC servomotor is used as an actuator to simultaneously control the angle position and suppress the vibration. The tuning of the PD control gains is obtained by experimental tests.
Theoretically, a high control gain will enhance the control performance, such as increasing the vibration suppression speed and minimizing the vibration amplitude under certain resonant excitation. However, the practical system of such a complicated flexible manipulator contains uncertain factors, such as unmodeling high-frequency dynamics, time-varying parameters, nonlinear factors, etc. In practical application, too high control gains are sensitive to measured noises and unmodeled high-frequency dynamics, which will result in unpredictable instability of the closed-loop system. Therefore, too high a gain should not be adopted in the experiments. Fuzzy control strategies can resolve these problems by integrating fuzzy logic control in a sliding mode controller.
Fuzzy variable structure control
The control aims of a distributed parameter flexible manipulator system include slewing end position and active vibration control of the flexible beam. It is desirable that both the larger and the lower amplitude vibration should be suppressed as quickly as possible. Because of the existent nonlinear factors and the system equations containing the nonlinear unknown and time-varying parameters, such as the dead zone of the hardware and the friction, the performance of the closed-loop control system will be affected. The flexible link and flexible joint manipulator is complicated due to the above-mentioned factors. In general, the lower amplitude residual vibration is difficult to eliminate quickly. The control law of the integral algorithm can enhance the control performance. However, the integral saturation is a general problem and phenomenon for the larger amplitude vibration. Therefore, to design composite controllers is vital for vibration control of such a flexible manipulator.
In this section, a composite switch controller is provided. For the larger amplitude vibration, the FSMC method is applied to the system. The larger amplitude vibration is suppressed to a small amplitude residual vibration quickly. Then, a proportional-integral (PI) controller is switched on, and the residual vibration is damped out completely.
A schematic block diagram of the composite controller of the FSMC and PI control is sketched in Figure 3 . A judger is used to switch the control error between the FSMC and PI controller. When the amplitude of the measured error is less than some certain set value, it is switched to the PI controller; otherwise, the FSMC is applied to the system. This is a composite double-mode controller. If the control interaction between PI and FSMC is not used, then only the FSMC is applied. The advantages of the composite controller are as follows: (1) the integral saturation phenomenon can be avoided for the larger amplitude vibration case; (2) the larger amplitude vibration can be suppressed to the lower amplitude vibration significantly; and (3) the smaller amplitude residual vibration can also be damped out quickly.
In the design of FSMC, the sliding surface is defined as s ¼ Ce þ _ e, and the signals s and _ s are selected as inputs. Here, e ¼ 0 À Q t ð Þ ð Þ¼À Q t ð Þ. The inputs s and _ s are scaled by the coefficients k s and k sc , respectively; the output of the FSMC is multiplied by k u . From experimental tests, the scaling coefficients and control gain are specified as k s ¼ 0:5; k sc ¼ 0:025; k u ¼ 0:1;
In order to get better control, membership functions are employed to convert these inputs and output variables s, _ s and u into linguistic control variables. In this research, the linguistic variables corresponded to seven different linguistic terms (Wei et al., 2010) , that is, {NB, NM, NS, ZO, PS, PM, PB}, abbreviation of 'Negative Big', 'Negative Middle', 'Negative Small', 'Zero', 'Positive Small', 'Positive Middle', 'Positive Big', respectively. In this case, they mean the different magnitudes of input voltage amplitude, input voltage amplitude change rate and output voltage amplitude.
Seven linguistic levels {NB, NM, NS, ZO, PS, PM, PB} are used to represent the input domain and output domain with their membership values lying between 0 and 1. One can infer subsequently 49 fuzzy rules to accomplish the design of FSMC. Triangular and Gaussian membership functions are selected in this investigation. The Gaussian membership function of the input variable is expressed as
where x is the input variable of a fuzzy controller, and c and a are the mean value and the width of the Gaussian membership function, respectively. In this investigation, we selected the parameters of Equation (25) as c ¼ 6, a ¼ 1 when the fuzzy variable is PB, and c ¼ À6, a ¼ 1 when the fuzzy variable is NB. The design of FSMC is based on the condition of guaranteeing its stability. When a Lyapunov-like function is selected as V t ð Þ ¼ 1=2 ð Þs 2 , the stability condition of the controller is _ V t ð Þ ¼ s_ s 5 0. The control rules of the fuzzy controller are usually based on an expert's experiences, and they are usually in the form of IF-THEN rules to link input and output variables. By means of input/output analysis, it can be seen that the rules tend to make s_ s 5 0. According to the literature (Alli and Yakut, 2005; Shahraz and Boozarjomehry, 2009) , several rules are explained as follows. (1) if s is NB and _ s is NB, then u is PB. The objective of this rule is to apply a maximum positive control action to decrease s_ s. (2) If s is PB and _ s is NB then u is ZO. Here, s_ s is negative and already large and there is no need to change control action. (3) If s is PB and _ s is PB then u is NB. This rule describes a situation where s_ s is positive and large, and the control action must be reduced a lot to make s_ s quickly decrease.
The MAX-MIN product composition fuzzy inference method is employed to operate the fuzzy control rules. The center average (centroid) defuzzification method is a commonly used defuzzification method in fuzzy theory. In this paper, the center average defuzzification method is used. The output variable of FSMC is defined as (Qu et al., 2004) 
where u k ð Þ is the output control value of the FSMC system; k is the time step; y i 2 R is any point at which C ð y i Þ achieves its maximum value, that is, C ð y i Þ ¼ 1; ! i ¼ minððsÞ, ð_ sÞÞ; and M is the number of fuzzy rules of every inference.
In general, the output signal of the control value should be processed by a low-pass filter to eliminate the noise of the signal. Because the filter is used to eliminate the high-frequency noises, the time delay due to the low-pass filter is not significant in controller design. The realization of the fuzzy sliding mode controller for vibration control by motor torque drive can be expressed as
where u k ð Þ is determined by Equation (26) for the fuzzy VSC method.
The realization of motor torque PD controller plus the strain-based feedback PI control algorithm is
4. The test-beds of the flexible manipulator and experimental results
Introduction of experimental test-beds
In order to verify the control method and analyze the dynamic characteristics of the flexible rotating manipulator, an experimental setup is constructed. Figure 4 (a) displays the experimental apparatus of the overall experimental setup. In this case, an AC servomotor with an encoder is mounted at the entrance of a harmonic drive gear; the harmonic drive gear (made by Beijing CTKM harmonic drive corporation) is used as a speed reducer. The reduction ratio of the harmonic drive gear is 100. The control system is realized by using an industrial personal computer (IPC), Pentium IV, CPU 2.4 GHz. A charge amplifier, YE5850, amplifies the PZT strain sensor's signal. The output control voltage is applied to the AC servomotor through its power amplifier to a suitable value.
Different from the previous work done by the author (Qiu, 2006) , the experimental setup is re-built. The main differences are as follows: (a) no PZT patch is bounded in the middle of the flexible beam, thus, the natural modal frequencies are different; (b) the selected AC servomotor was made by the Mitsubishi Corporation; (c) the transmission backlash of the harmonic drive gear is larger than that used in the previous research (Qiu, 2006) , caused by normal wear and tear through many times of experimental revolving in recent several years. The rated power of the selected servomotor is 400 W. A built-in incremental encoder integrated with the AC servomotor is used to calculate the rotation angle and angle velocity of the motor rotor. The resolution of the encoder is specified as 40,000 pulses or 0.009 per pulse through a third-axis quadrature encoder counter board (PCL-833) that has a multiply-by-four logic circuit.
The photograph of the flexible manipulator setup is shown in Figure 4(b) . Two PZT patches are bonded to the top surface of the host beam structure, and another two PZT patches are symmetrically bonded to the bottom surface. The locations of piezoelectric patch actuators are close to the clamped end. One piezoelectric patch sensor is bonded to the top surface of the host beam and located nearby the clamped side of the beam, which is used to measure the vibrations of the first and the second bending modes. All sensors and actuators are symmetrically located about the y-axis. The measured analog stain signal by the PZT sensor can be amplified by a charge amplifier (YE5850) to the voltage range (from À10 V to þ10 V), and the analog signal is converted into digital data through a PCL-818HD A/D data acquisition card. The outputs of the controller are sent to amplifiers of the AC servo motor and PZT actuator, respectively, through a PCL-727 D/A control card. The PZT actuator is driven by a high-voltage amplifier (APEX PA241DW), which amplifies the low-voltage range (from À5 V to þ5 V) to a high-voltage range (from À260 V to þ260 V). The power of the PZT actuator used in this research is less than 3 W. The microprocessors analyze the vibration response from the sensors and use the control algorithm to command the actuators to apply suitable action. A signal generator (F05) is used to generate the sine signal for experimental study on resonant response case. The sampling period of the controller was selected as 1 ms.
Experiments on modal identification
For experimental identification, the flexible beam was hit at some certain points by using a hammer to excite the vibration. It is called impulse excitation. Due to the nature of the nonback drive's ability and high torque magnification of the harmonic drive gear, the motion of the beam's slewing and its vibration can be decoupled. If the hub motion completely stops, the flexible link can be approximately treated just as a cantilever beam with a centralized mass (payload). The mounted position of the acceleration sensor is l ¼ 610 mm. In order to identify the modal frequencies of the flexible beam, excitation analyses were carried out and the responses of the first two bending modes vibration were obtained.
After exciting the vibration of the first bending mode, the measured time-domain response without control is depicted in Figure 5 natural frequencies of the first bending mode and the second bending mode are ! 1 ¼ 2.45 Hz and ! 2 ¼ 16.55 Hz, respectively. The modal frequencies are approximately equal to the calculated results in Section 2.2. The difference is mainly due to parameter uncertainties, etc. From the experimental results it can be found that the damping of the flexible beam structure is small; the decay time of the beam vibrations without active control effect is over 50 s.
Experiments on set-point vibration control
For set-point vibration control driven by motor torque, the desired angle position and angle velocity were From the experimental results, one knows that PD control can suppress the large-amplitude vibration to the small amplitude residual vibration quickly. Compared with the previous research (Qiu, 2006) , the transmission backlash of the harmonic drive gear now becomes larger due to normal wear and tear in the process of experiments over several years. Therefore, the low-amplitude residual vibration will last for a long period of time before disappearing. The decay rate is far from satisfactory. The reason is the existence dead zone due to the friction torque, flexible joint and backlash of the harmonic drive gear, etc., and PD control cannot tackle these problems effectively for the small amplitude vibration around the equilibrium point.
From Figure 8 and Figure 7 , it can be seen that the speed of FMSC is much quicker for suppressing the large-amplitude vibration to the low-amplitude residual vibration than that of PD method. It gives some improvement. However, the lower amplitude vibration still lasts for a long while. The controlled time-domain responses by using the switching method between FSMC and PI control algorithms by using Equations (27) and (28) are shown in Figure 9 . The composite controller can suppress not only the larger but also the smaller altitude vibration much more quickly and effectively. The proposed control methods show their advantages in performance, since residual vibration is significantly eliminated by using the composite controller. The satisfactory vibration suppression results are achieved. Significantly, the performance of the adopted FSMC and the composite controller are better than that of the traditional PD controller.
4.3.1. Remarks. Since the actuator used in this investigation is the AC servomotor, the transmission chain of the system comprises a coupling and a harmonic drive gear. From the control point of view, the dynamic transmission characteristics of the harmonic drive reducer mainly include the nonlinear flexible joint, backlash and nonlinear friction force. Therefore, the hysteresis phenomenon and dead zone nonlinearities will be inevitably caused. The classical PD control is a linear controller. It is difficult to tackle the nonlinear problems that existed in the experimental system. The integration of the fuzzy logic system in a sliding mode controller approach is the designed nonlinear controller. It has the capacity to deal with nonlinear problems in dynamical systems. Thus, the composite controller with FSMC and PI control can achieve satisfactory vibration suppression, especially for smaller amplitude vibration control.
Experimental results on vibration suppression under resonant excitation
In this section, the flexible manipulator was excited under resonant frequency of the structure by the PZT actuator. Because the first bending mode vibration can be frequently excited by the external disturbances and maneuvering, it must be considered primarily. The sine signal was generated by a signal generator, and the signal amplitude was tuned to some certain value, acting at the structural resonant frequency of the first bending mode of the beam, that is, ! ¼ 2.45 Hz. Then, it was amplified by a high-voltage amplifier and applied to the PZT actuator. Thus, the resonant vibration of the flexible beam is generated persistently. In this case, the AC servomotor is used as an actuator to suppress the vibration under resonant excitation. Because the PZT actuator is used to excite the resonant vibration persistently, the vibration can be suppressed eventually to some amplitude but not zero. Furthermore, the smaller the suppressed amplitude is, the more effective the control algorithm is. The objective is to minimize the vibration amplitude under resonant response. The time-domain responses of vibration suppression under resonant excitation were conducted by using PD control, FSMC and the composite controller, respectively, as shown in Figures 10(a) , 11(a) and 12(a). The active control is switched on by the AC servomotor at the time t ¼ 5 s. Figures 10(b) , 11(b) and 12(b) also show the time history at the moment of applying the controllers to the AC servomotor by using different controllers, respectively. These experimental results demonstrate the effectiveness of FSMC and the composite controller in minimizing the resonant vibration.
4.4.1. Remarks. For resonant excitation suppression, the PD controller can suppress the vibration to approximately uniform low amplitude of vibration after applying the control. The suppressed vibration amplitudes of FSMC and FSMC plus PI methods are not uniform, as they alternate from a little larger to even smaller. This is the reason why the constant gain PD controller is a linear controller, proportional to the error signal. When the control ability caused by the actuator under PD control is equal to that caused by the PZT actuator, dynamic equilibrium is achieved. Thus, the approximately uniform low amplitude of vibration can be easily obtained. However, the FSMC and FSMC plus PI methods use nonlinear controllers, so the equal low-amplitude vibration under control cannot be readily reached. Because of the nonlinear control ability, the nonlinear controllers can suppress the vibration amplitude close to zero in some short period of time. If the vibration amplitude approaches zero, the active control effect may be diminished. Then, the vibration amplitude under resonant excitation becomes larger; then, the control effect also becomes larger based on FSMC and FSMC plus PI control methods accordingly. In this way, the control vibration amplitude under resonant excitation presents alternately from a little larger to even smaller. Figure 13 illustrates the frequency response by employing FFT of the above-mentioned three cases.
In Figure 13 , the transformed time domain is from t ¼ 5 s to t ¼ 20 s, that is, the beginning time point is when the control action is switched on. In Figure 13 , the dash-dot line, the dashed line and the solid line represent the responses using PD control, FSMC and the composite controller, respectively. Significantly, the amount of vibration reduction by using FSMC and the composite controller is better than that of the traditional PD controller. Experimental comparison results show the advantage and robustness of the proposed method. Here, the robustness of the proposed control method is its ability to withstand the effects of persistent disturbance. The experimental results validate the adopted algorithm for the flexible manipulator system. 4.4.2. Remarks. In this investigation, the PZT sensor is used to measure the vibration signal of the flexible beam. The PZT actuator is used to excite the resonant vibration in experiments of resonant vibration suppression. Investigations on active vibration control by PZT actuators are presented in other papers. This work aims to investigate the vibration suppression of a rotating beam by a harmonic drive gears with backlash. Furthermore, FSMC and FSMC plus PI control methods are designed and applied to suppress the vibration, considering nonlinear factors. Therefore, only the AC servomotor is used as an actuator.
From the experimental results of set-point control and the resonant case, it can be shown that the designed FSMC and FSMC plus PI controller are better than PD control. In particular, the vibration suppression ability is improved for controlling the small amplitude vibration of set-point control and resonant case.
Conclusions
This paper presents the experimental results of a fuzzy sliding mode VSC and a composite control algorithm for vibration suppression of a flexible rotating manipulator with a flexible link and a harmonic drive gear. The experimental comparisons were conducted, including set-point active vibration control and resonant vibration of persistent excitation vibration control using PD control, FSMC and the composite control methods. Experimental results on the actual process of active vibration control for a flexible rotating smart beam show that the composite algorithm by combining FSMC and PI control can yield a satisfactory control effect of vibration suppression, especially the composite control scheme for suppression of both the larger and the lower amplitude residual vibration quickly, which gives significant results. The FSMC algorithm can increase the damping of the flexible manipulator to minimize certain resonant excitation responses. The feasibility of the control strategies designed for the flexible manipulator is confirmed. Figure 13 . Frequency response by using fast Fourier transform under the first resonant excitation.
